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A cosmological model is introduced in which dark matter plays a dominant role throughout the
history of the universe, and is the only matter present for temperatures T & T15 ∼ 10
9 GeV.
The gauge group is SU(3) × SU(6)DM × U(1)Y and unifies in such a way that luminous matter
is generated at T ∼ T15 with the correct amount and eventual asymmetry. Construction of more
highly sensitive direct detectors of dark matter e.g. XENON1T is encouraged. We offer a new
explanation of why grand unification theories involving only luminous matter may be fatally flawed.
INTRODUCTION
From the latest Planck data [1], it is believed that dark
matter makes up for around 27 % of the energy density of
the universe while luminous matter makes up around 4.5
%, the rest being in the form of Dark Energy. Further-
more, structure formation in the Universe is generally
believed to be driven by Dark Matter.
The fact that Dark Matter constitutes the dominant
form of matter in the present time is remarkable. If it
is so now, it is extremely reasonable to think that it was
perhaps also dominant in the early universe. And per-
haps, it was the only matter that existed in the very early
universe. The generation of luminous matter would come
about when a fraction of dark matter converted into lu-
minous matter. The size of that fraction would depend
on the efficiency of the conversion process. The temper-
ature (or energy) where this conversion took place would
naturally depend on the dark matter mass(es) and its
conversion efficiency would depend on another mass scale
which governs the strength of the interaction. It is neces-
sary that dark matter is unified with luminous matter in
the underlying gauge theory. We require that dark mat-
ter interacts with luminous matter strongly enough to
deplete the initial amount of dark antimatter (and hence
dark anti-matter) leaving an excess in dark matter which
leads eventually to an excess in luminous matter. How-
ever, it should at the same time be weakly interacting
enough to escape direct detection at the present sensitiv-
ity. For a recent summary of the status of non-WIMP
Dark Matter, one can consult [2].
Our model is based partially on the scenario presented
in [3] where it was proposed that dark matter particles
(fermions) come in two species: χl and χq which trans-
form under the product of a dark matter gauge group
with the standard model (SM), namely SU(4)DM ×
SU(3)c × SU(2)L × U(1)Y , as (4, 1, 1, 0)L,R for χl and
(4, 3, 1, 0)L,R for χq. The particles χl and χq will be
referred to as ”leptonic” (color singlet) and ”baryonic”
(color triplet) dark matter respectively. In the present
model the dark matter carries no SM quantum numbers
so that only the field χl is involved. A similarly motivated
but technically completely different model has been re-
cently and presciently built in [4].
Our model treats the symmetric and asymmetric dark
matter differently from the conventional approaches.
Only the asymmetric part of the dark matter survives
to the present time: all the symmetric part annihilates
long ago. Some 14 % of the asymmetric dark matter
transmutes into luminous matter via our luminogenesis
mechanism. In particular, we do not need the conven-
tional WIMP annihilation cross section value to obtain
the correct relic density which is obtained correctly by
another mechanism. Again, we would like to stress that
the usual mechanism to determine the relic density which
relies on the annihilation cross section, even in the pres-
ence of an asymmetric part of DM [8], does not apply to
our model. This point will be clarified further below.
INFLATIONARY DARK MATTER
Dark Matter in SU(6)
If the dark matter field χl is to be a singlet under the
SM gauge group and if it were to be unified with lumi-
nous matter, its own gauge group GDM (if there were
one) should be embedded in a larger dark unification
group GDUT which contains the SM group GSM , namely
GDUT → GDM ×GSM . This unified group would be one
on which inflation is based such that the inflaton will
decay into dark matter during the reheating process.
We use the model proposed to unify dark matter with
luminous matter in [3]. The unification of the two sectors
proceeds via the embedding of SU(2)L into a unifying
group SU(n+2) with the following breaking path SU(n+
2)× U(1)Y → SU(n)DM × SU(2)L × U(1)DM × U(1)Y .
Including QCD, the unifying group would be SU(3)C ×
SU(n+2)×U(1)Y (”unifying” solely in the sense of dark
and luminous matter unification and not in the usual
2sense of gauge unification). In [3], arguments were given
for the selection of the preferred value n = 4 for the dark
matter gauge group and our final choice is
SU(3)C × SU(6)× U(1)Y (1)
with SU(6) subsequently breaking according to
SU(6)→ SU(4)DM × U(1)DM × SU(2)L . (2)
Here GDUT is SU(6) and GDM is SU(4). It is convenient
to show the various useful representations of SU(6) ⊃
SU(4)DM × SU(2)L × U(1)DM .
6 = (1, 2)2 + (4, 1)−1
20 = (4, 1)3 + (4
∗, 1)−3 + (6, 2)0
35 = (1, 1)0 + (15, 1)0 + (1, 3)0 + (4, 2)−3 + (4
∗, 2)3
(3)
where U(1)DM quantum numbers are indicated by sub-
scripts. Note that U(1)DM will be spontaneously broken
at a scale ΛDM which will be constrained by experimen-
tal direct detection limits. The associated massive gauge
boson, γDM , is the oft-discussed ”dark photon”. We shall
come back to this important point below.
At a scale Λ4, SU(4)DM will become confining and DM
hadrons form as has been discussed in [3]. The fact that
our model contains strongly self-interacting dark matter
is an interesting feature which might resolve the well-
known ΛCDM problems [5] of dwarf galaxy structures
and of dark matter cusps at the centers of galaxies. This
discussion is presented below.
From Eq. (3), the representations that contain sin-
glets under the SM SU(2)L gauge group are 6 and 20.
These are the representations that could contain the de-
sired dark matter particles, namely (4, 1) which appears
in both 6 and 20. To see where the dark matter belongs,
it is important to classify the fermion representations us-
ing Eq. (3).
As discussed above, our unified gauge group is
SU(3)C × SU(6) × U(1)Y . The fermion representations
are required to be anomaly-free. Representations con-
taining the left-handed SM quark and lepton doublets
are respectively (3, 6, Y6q/2)L and (1, 6, Y6l/2)L where
Y6q,l/2 are the U(1)Y quantum numbers of the quarks
and leptons respectively. In addition, the SU(2)L quark
and lepton singlets are written as (3, 1, (Yu/2, Yd/2)R
and (1, 1, Yl/2)R respectively. The U(1)Y quantum num-
bers are, as usual, Y6q/2 = 1/6 and Y6l/2 = −1/2 for
SU(6) non-singlets and Yu/2 = 2/3, Yd/2 = −1/3, and
Yl/2 = −1. Since 3 and 6 are complex representations,
the minimal anomaly-free representations are given by
(3, 6, Y6q/2)L,R + (1, 6, Y6l/2)L,R + (3, 1, (Y6u/2, Y6d/2)R,L
+(1, 1, Yl/2)R,L . (4)
As we have mentioned in [3], the right-handed quark and
lepton doublets, (3, 6, Y6q/2)R + (1, 6, Y6l/2)R, and left-
handed singlets, (3, 1, (Y6u/2, Y6d/2)L+(1, 1, Y6l/2)L, are
in fact the mirror fermions (distinct from SM fermions) of
the model of electroweak-scale right-handed neutrinos in
[6]. The details of how right-handed neutrinos, which are
members of doublets along with their mirror charged lep-
ton partners, can acquire electroweak-scale mass can be
found in [6], where arguments were given for assigning the
mirror sector a global symmetry. As discussed in [6], this
mirror sector can be tested experimentally at the LHC
by looking for lepton-number violating processes through
the production of electroweak-scale right-handed neutri-
nos. This model fits rather well the electroweak precision
parameter constraints as shown in [14]. In light of the
newly-discovered SM-like 126 GeV scalar, an extension
of the model of [6] to endow separately the SM sector and
the mirror sector with a global symmetry is needed [9]:
a global U(1)SM ×U(1)MF (”MF” stands for the mirror
sector) is imposed, with two Higgs doublets, one for each
sector. As shown in [9], a small mixing allowed by the
present data on the 126-GeV scalar breaks explicitly this
global U(1)SM × U(1)MF symmetry with an interesting
indirect implication on luminogenesis as we will discuss
below.
From Eqs.(3,4), one can see that the SU(2)L-singlet
and SU(4)-non-singlet particles transform under SU(3)×
SU(4)DM ×SU(2)L×U(1)Y ×U(1)DM as (for both left
and right-handed fermions)
(1, 4, 1,−1
2
)−1 + (3, 4, 1,
1
6
)−1 , (5)
where the subscripts U(1)DM quantum numbers. It is
clear from (5) that these particles which belong to the 6
of SU(6) cannot be candidates for dark matter since they
carry U(1)Y quantum numbers and are therefore elec-
trically charged. In fact, the color-singlet and colored
particles carry charges ±1/2 and ±1/6 respectively. A
suitable representation which is color-singlet and carries
no U(1)Y quantum number is the following real repre-
sentation:
(1, 20, 0) = (1, 4, 1, 0)3+(1, 4
∗, 1, 0)−3+(1, 6, 2, 0)0 , (6)
where the right-hand side represents decompositions un-
der SU(3) × SU(4)× SU(2)L × U(1)Y × U(1)DM . One
notices that (1, 4, 1, 0)3 + (1, 4
∗, 1, 0)−3 are inert under
the SM gauge group SU(3) × SU(2)L × U(1)Y but not
under U(1)DM . These particle are the dark matter in our
model: note that, when one represents fermions in terms
of left-handed Weyl fields, we have χL,R = (1, 4
∗, 1, 0)−3
and χcL = σ2χ
∗
R = (1, 4, 1, 0)3. How the dark matter
candidates are produced in the early universe and how
luminogenesis, the generation of luminous matter from
dark matter, occurs will be discussed in the next two
subsections.
For the sake of clarity, two tables are given below in
order to list the different particle contents of the model.
3SU(6) SU(4)× SU(2) × U(1)DM
6 (1,2)2 + (4,1)−1
20 (4,1)3 + (4
∗,1)−3 + (6, 2)0
35 (1,1)0 + (15,1)0 + (1,3)0 + (4, 2)−3
+(4∗,2)3
TABLE I. The (1, 2)2’s represent luminous matter while
(4,1)3 + (4
∗,1)−3 represent dark matter
SU(3)c × SU(6) × U(1)Y
R ⊃ SM fermions (3, 6,1/6)L + (1,6,−1/2)L
+(3,1, 2/3)R + (3,1,−1/3)R
+(1,1,−1)R
R ⊃ Mirror fermions (3, 6,1/6)R + (1, 6,−1/2)R
+(3,1, 2/3)L + (3, 1,−1/3)L
+(1,1,−1)L
R ⊃ dark matter fermions (1, 20,0)
TABLE II. R denotes representation. SM left-handed dou-
blets and right-handed singlets are parts of the first entry,
Mirror right-handed doublets and left-handed singlets are
parts of the second entry, and dark matter left and right-
handed fermions belong to the last entry.
Dark matter genesis
We assume that the potential for the the adjoint scalar
field 35 of SU(6) is sufficiently flat so as to generate suffi-
cient inflation at the scale of SU(6) breaking. It is beyond
the scope of this article to treat this aspect of inflation
and we will restrict ourselves to its group theoretic as-
pects. The inflaton field is the φinf = (1, 1, 1, 0)0 of
(1, 35, 0) = (1, 1, 1, 0)0 + (1, 15, 1, 0)0 + (1, 1, 3, 0)0
+(1, 4, 2, 0)−3 + (1, 4
∗, 2, 0)3 , (7)
where the right-hand-side shows the transformation un-
der SU(3) × SU(4) × SU(2)L × U(1)Y × U(1)DM . The
fermions that can couple to the adjoint scalar will come
from 20×20 = 1s+35a+175s+189a and 6× 6¯ = 1+35.
Denoting (1, 20, 0) by Ψ20 and (1, 35, 0) by φ35, one can
write the following coupling
g20Ψ
T
20σ2Ψ20 φ35 . (8)
From Eq. (8), one can deduce the coupling of the inflaton
to dark matter
g20 χ
T
Lσ2χ
c
Lφinf . (9)
Since ψcL = σ2ψ
∗
R, it is clear that 6¯ ∼ ψc6,L comes from
mirror fermions and 6 ∼ ψ6,L contains SM fermions. As
a result, a coupling such as ψc6,Lσ2ψ6,L φ35 is forbidden
at tree-level by the U(1)SM ×U(1)mirror symmetry. The
inflaton will decay mainly into dark matter while its de-
cay into luminous matter will be highly suppressed by
the aforementioned symmetry. Another interesting point
that one could point out here is quantum fluctuations
during the inflationary period can create seeds of struc-
ture formation but in our scenario, it is structures of
dark matter that were formed first. This is actually
the current view of structures in the universe. In our
model, structures involving luminous matter came only
later when approximately 14 % of dark matter is con-
verted into luminous matter.
The next section discusses this conversion of some of
the dark matter energy density into luminous matter,
a process we call luminogenesis. In particular, we will
present arguments showing that the symmetric part of
DM annihilates ”almost completely” into the symmet-
ric part of luminous matter which, in turn, transforms
into radiation. The asymmetric part of DM transforms
a small part of its number density into the asymmet-
ric part of luminous matter through an entirely different
mechanism and is unrelated to and unconstrained by the
annihilation cross section used in the symmetric part.
Luminogenesis
This section deals with the fate of the asymmetric and
symmetric parts of DM. A few words concerning a pos-
sible origin of the excess of dark matter over anti-dark
matter (the asymmetric part) is in order here.
First, we will assume that there is a global U(1)χ sym-
metry for dark matter. The interactions involving the
gauge bosons of the coset group SU(6)/SU(4)×SU(2)×
U(1)DM (similar to X and Y gauge bosons of SU(5))
will explicitly violate the U(1)χ symmetry and their de-
cays involving the interferences between the tree-level
and one-loop diagrams will ultimately generate a net DM
number assuming the presence of CP violation in the DM
sector. This problem will be treated in a separate paper.
For the present purpose, we will assume that the asym-
metric part is generated by the aforementioned mecha-
nism.
Let us denote the asymmetric number density by
∆nχ = nχ − nχ¯ and the symmetric number density sim-
ply by nsym = nχ¯ since the symmetric part is composed
of an equal number of DM and anti-DM. It is assumed
that ∆nχ ≪ nsym. What we will show below will be that
the symmetric part will annihilate through the massive
dark photon of U(1)DM into the symmetric part of lu-
minous matter which will eventually transform into ra-
diation, leaving practically very little symmetric DM. As
we will also show, this has no bearing on the relic den-
sity of DM and hence that of its luminous off-spring. A
fraction (∼ 14%) of the asymmetric part of DM, ∆nχ, is
transmuted into the asymmetric part of luminous mat-
ter through an entirely different mechanism coming from
an exchange of a massive scalar. This is different from
the usual approach whereas the same annihilation pro-
4cess determines both the relic asymmetric and symmetric
densities which are therefore intrinsically linked [8].
The simplified discussion below will go as follows.
There are two different interactions which operate on the
total DM density ntot = nsym + ∆nχ. The exchange of
the massive scalar (to be discussed next) affects both the
symmetric and asymmetric parts. Constraints on the
scalar mass and the Yukawa couplings are imposed in
such a way that 14 % of the DM (i.e. 14 % of nsym
and 14 % of ∆nχ) is converted into luminous matter.
The decoupling of the scalar exchange interaction should
happen soon after DM becomes non relativistic. At the
same time the symmetric part will annihilate into lu-
minous matter via the massive dark photon. This will
reduce the symmetric part to slightly below 86 % by the
time of the scalar exchange decoupling. For our simpli-
fied discussion, we will ignore this difference. The 86
% of the symmetric DM will continue to annihilate via
the massive dark photon until very little is left as we
will show below. What is unaffected by the U(1)DM in-
teractions is the 86 % of the asymmetric part and the
14 % of the asymmetric luminous matter. This is the
essence of our luminogenesis. It goes without saying that
a more accurate analysis involving a numerical study of
the Boltzmann equation as well as the inclusion of chem-
ical equilibrium is needed and this will be carried out in
a future work. For this paper, we present a simplified
discussion in order to lay out the essence of our model.
I. The conversion of the symmetric and asymmet-
ric parts via a scalar exchange:
We present in this section the main mechanism for lu-
minogenesis: The conversion of a small fraction of DM
into luminous matter by the exchange of a heavy scalar.
We will show the constraints on the Yukawa couplings
and the mass of the heavy scalar coming from the re-
quirement that 14 % of DM is converted into luminous
matter. In the next section, we will discuss how most of
the 86 % of the symmetric part of DM annihilates via a
massive dark photon into the symmetric luminous matter
which eventually transforms into radiation. The 86 % of
asymmetric DM and the 14 % of asymmetric luminous
matter are unaffected by this annihilation process.
Ia) The interaction Lagrangian and related fea-
tures:
Since the dark and luminous sectors belong to different
representations of SU(6), the conversion can be achieved
only through a coupling of the dark and luminous sec-
tors with a scalar field. Since 20 × 6¯ = 15 + 105 and
20 × 6 = 1¯5 + ¯105 (20 is real), the appropriate scalars
transform as 1¯5 and 15 respectively. We denote these
scalars as Φ
(L)
15 (1/2) and Φ
(R)
1¯5
(−1/2) where ±1/2 de-
notes the U(1)Y quantum number. We have the following
Yukawa couplings
g6LΨ
T
20σ2ψ6,L Φ
(L)
15 + g6RΨ
T
20σ2ψ
c
6,L Φ
(R)
1¯5
, (10)
with Φ
(L)
15 and Φ
(R)
1¯5
carrying appropriate global U(1)SM
and U(1)mirror quantum numbers respectively. A mass
mixing between Φ
(L)
15 and Φ
(R)
1¯5
will break the global
U(1)SM ×U(1)MF symmetry and thus allows for the fol-
lowing conversion process to occur: χL + χR → lL + lMR
where lL and l
M
R refer to SM and mirror leptons respec-
tively as in [6]. The same goes for the anti-DM particles.
This process can be represented by the following effective
Lagrangian
g26
M215
(χTLσ2lL) (χ
c,T
L σ2l
M,c
L ) +H.c. , (11)
where lM,cL = σ2l
M∗
R . The various mixing coefficients are
embedded in the prefactor of Eq. (11). How effective the
conversion of dark matter into luminous SM and mirror
leptons as represented by Eq. (11) will depend on this
prefactor, especially the luminogenesis scale M15 which
in the next subsection we shall estimate to beM15 ∼ 109
GeV. Notice that mixing between Φ
(L)
15 and Φ
(R)
1¯5
has to
be sufficiently small so that only a small fraction of DM
is converted into luminous matter, namely ∼ 14 %. As
we have mentioned above, it is interesting to note that
an extended version of [6] to include two Higgs doublets
(with similar U(1)SM×U(1)MF assignments as Φ(L)15 and
Φ
(R)
1¯5
) in order to describe the 126-GeV Higgs-like object
also requires the mixing between these two doublets to
be small as constrained by the data [9].
At this point we would like to point out an important
fact that comes out of the model of [6], namely the decay
of the mirror lepton lMR into a SM lepton lL. This decay
proceeds through a Yukawa interaction
gsl l¯L φS l
M
R +H.c. , (12)
where φS is the SM-singlet Higgs field with lL and
lMR being SM left-handed and mirror right-handed dou-
blets respectively. Notice that under U(1)MF , l
M
R →
exp(ıαMF )l
M
R while under U(1)SM , lL → exp(ıαSM )lL.
As a result, φS → exp(ı(αSM − αMF )). This point is
explained in [6] for U(1)MF and extended to U(1)SM ×
U(1)MF in [9].
The physical reason for writing down Eq. (12) is given
in [6] where a model for an electroweak-scale Majorana
mass for the right-handed neutrinos was constructed.
The singlet Higgs boson φS is vey light (∼ 100keV or
even O( MeV)), as discussed in [6]. (Notice that in [6],
gsl vS ∼ 105eV and for simplicity it was assumed that
gsl ∼ O(1) giving vS ∼ 105eV . However one can have
gsl ∼ 10−2 which gives vS ∼ 10 MeV and hence a mass
of φS in the MeV range. (Or it could even be in the tens
of keVs.) Eq. (12) gives rise to the decay lMR → lL + φS .
5(This includes decays of mirror charged and neutral lep-
tons.) Depending on the size of the coupling gSl, l
M
R
could be relatively long-lived with distinct signatures at
the LHC. However, on a cosmic scale, the mirror leptons
lMR promptly decay into SM leptons. The end product of
Eq. (11) will be the conversion of a fraction of the DM
particles into SM leptons only with no mirror leptons left.
The details of this conversion process are important and
will be treated elsewhere.
The conversion of the SM leptonic asymmetry to the
baryonic asymmetry can proceed via the well-known
sphaleron process [11].
Although the fate of φS was discussed in [6], it is use-
ful to repeat it here. From [6], one can obtain the in-
teractions between φS , νR (with MR ∼ O(ΛEW )), and
νL, as well as with e
M
R and eL as gSlν¯LφSνR +H.c. and
gSle¯LφSe
M
R + H.c., coming from gSl l¯LφSlR + H.c.. φS
is in thermal equilibrium with luminous matter through
the reactions φS + φ
∗
S ↔ ν¯L + νL, φS + νL ↔ φS + νL,
φS + φ
∗
S ↔ e¯L + eL, φS + eL ↔ φS + eL. To see their
effects on BBN, we shall use the analysis of [13] for some
particular range of values for mφS , namely in the tens of
keVs. Without repeating what has been done in [13], it is
illuminating to stress that if there are light particles that
couple to matter and if these light particles decouple close
to the temperature where neutrinos decouple, they can be
counted toward the effective number of neutrinos which
may exceed the cosmological constraints of BBN. In a
nutshell, if the rate is comparable to the weak interac-
tion rate, the effective number of neutrinos might exceed
the current bound. Notice that CxGx of [13] is identified
in the model of [6] and hereon as ∼ GφS = g2sl/(4
√
2M2R)
where MR ∼ O(ΛEW ) is a typical mirror fermion mass.
The constraint obtained by [13] by requiring the effective
number of neutrinos Neff < 4 with the neutrino decou-
pling temperature Tν ∼ 3 TeV, for a light complex scalar
(our case), is then
GφS . 4.1× 10−2CV GF , (13)
where CV ∼ O(1) and GF = g2/(4
√
2M2W ) = 1.166 ×
10−5 GeV−2 is the Fermi constant. The constraint (13)
can be easily satisfied for g2sl < 10
−2g2. It is interest-
ing to note that a very small value for gsl can lead to a
long-lived mirror lepton and this could have interesting
implications at the LHC [6] as well as facilities searching
for rare decays such as µ→ eγ and τ → µγ [14]. A more
comprehensive study of the cosmological implications of
φS is beyond the scope of this paper and will be presented
elsewhere.
We now proceed to discuss the conversion of part of the
asymmetric DM into the asymmetric luminous matter.
Ib) Dark and Luminous matter densities:
In what follows we will present a simplified version of
luminogenesis which captures the essence of the process.
A more complete numerical analysis of the Boltzmann
equation and chemical potential equilibrium will be pre-
sented elsewhere.
Recall that ntot = nsym + ∆nχ. We assume that the
decoupling occurs fast enough so that the universe is still
matter-dominated. The interaction (11) decouples from
the DM when the interaction rate Γ ≈ (α26/M215)ntot is
less than the Hubble rate H =
√
8pi/3(1/mpl)
√
ρm =√
8pi/3(1/mpl)
√
ntotmχ. The total density at decoupling
is obtained from Γ = H giving
ntot,D ≈ (8pi
3
)(
1
α46
)(
M15
mpl
)2mχM
2
15 . (14)
Let us define
r =
ntot,D
ntot,0
. (15)
where ntot,0 is the number density at T ∼ mχ and is given
by ntot,0 ∼ Cm3χ. For the sake of estimate, we will not
be very precise about the exact value of C. We obtain
r ≈ C˜( 1
α46
)(
M15
mpl
)2(
M15
mχ
)2 , (16)
where C˜ ∼ O(102). Eq. (16) tells us about the rela-
tionship between the coupling α6 and the massM15 for a
given DMmassmχ with r set to r = 86%. From Eq. (11),
one can see that the cross section would increase as M15
decreases and if we want to keep r fixed, one has to de-
crease α6 as well. For r = 86% one can solve for α6 as a
function of M15 and mχ and which goes like
α6 ≈ 1.16C˜
√
M15
mpl
√
M15
mχ
. (17)
As an example, let us take mχ ∼ 1 TeV. One gets
α6 ∼ 10−2, 10−3, 10−4, 10−5 for M15 ∼ 109, 108, 107, 106
GeV respectively. Notice that what we call by α6 is ac-
tually a quantity which contains various factors such as
the square of the Yukawa couplings and, most impor-
tantly, the mixing angle between Φ
(L)
15 and Φ
(R)
1¯5
as dis-
cussed above. At this point, it is interesting to note that
it is plausible that the mixing between Φ
(L)
15 and Φ
(R)
1¯5
is similar to that between the two Higgs doublets in an
extension [9] of [6]. This opens up the possibility that
luminogenesis could be indirectly tested at the LHC.
The final accounting goes as follows. At decoupling,
there are 86 % asymmetric DM, 14 % asymmetric lumi-
nous matter and the same goes for the symmetric parts.
The 86 % of symmetric DM will in turn annihilate into
symmetric luminous matter and quickly gets depleted as
we will show in the next section.
II. The symmetric part:
6Since both dark and luminous matter carry nonzero
U(1)DM quantum number, dark matter can annihi-
late via the γDM massive gauge boson into particle-
antiparticle pairs of the luminous sector. This can be
represented by an effective interaction
g2
MγDM
(χ¯γµχ)(f¯γ
µf) . (18)
The amount of symmetric DM which remains after the
above decoupling is actually lower than 86 % due to an-
nihilation via γDM . However, the number left over after
the U(1)DM interaction decouples is so small that we will
ignore this difference. The argument goes as follows.
Following a similar reasoning to the above analysis, we
look for the number density of the symmetric part of DM
at the time of decoupling i.e. its value when the interac-
tion rate is equal to the Hubble rate. There is however
a difference with the above analysis concerning the Hub-
ble rate at decoupling. It is reasonable to assume that
the temperature at which the U(1)DM interaction goes
out of thermal equilibrium to be much lower than mχ.
For example, the energy density ratio for T = mχ/10
is roughly ρχ/ρR < exp(−10) ≈ 4.5 × 10−5, implying a
radiation-dominated universe. The density of symmetric
DM at decoupling is determined by
α2
M2γDM
nsym,D ≈ T
2
D
mpl
, (19)
where D again stands for ”decoupling”. Again using
ntot,0 ∼ nsym,0 ∼ Cm3χ, one obtains
nsym,D
nsym,0
≈ 1
C α2
M2γDM T
2
D
mplm3χ
. (20)
If the decoupling temperature is say mχ/10 (just an ex-
ample) with mχ ∼ 1 TeV and if MγDM ∼ O( TeV) (see
the section on direct detection), the density at decou-
pling would be nsym,D ∼ 10−16nsym,0. Since one expects
∆nχ ∼ 10−9nsum,0 and that 86 % of the asymmetric
part remains, one can see that the number density of
symmetric DM at U(1)DM decoupling is negligibly small
compared with the asymmetric relic density.
Needless to say, a detailed analysis of luminogenesis is
indeed extremely important. This will be treated else-
where. What has been presented here could be consid-
ered to be the first steps of an extended program of lu-
minogenesis.
DARK MATTER HADRONS AND SMALL
SCALE STRUCTURE PROBLEM
In a subsequent paper [12], we will show that, starting
from the SU(2)L coupling at the electroweak scale and
running it toward the unification scale MDUT , one can
deduce the value of the DM gauge coupling of SU(4) at
that scale. From hereon, we shall call SU(4) by the name
Dark QCD ( DQCD). Running it backward, one can look
for the energy scale at which α4 ∼ 1. This will be, to a
good approximation, the scale where DQCD confinement
occurs. As we have discussed briefly in [3], dark baryons
are formed by a bound state of four χ’s resulting in mas-
sive bosons. For definiteness, we shall call these dark
baryons by the name χ Massive Particle or CHIMP. To
a first approximation, the CHIMPs will have a mass of
approximately four times the DQCD confinement scale
Λ4.
As in [3], there are three flavors of dark matter fermion
χ (one for each family). In the absence of explicit mass
terms, there is a chiral symmetry SU(3)L × SU(3)R
among χ’s. From QCD (restricting oneself to two fla-
vors for simplicity), we learn that 〈q¯q〉 6= 0 spontaneously
breaks the quark chiral symmetry resulting in the appear-
ance of Nambu-Goldstone (NG) bosons which however
acquire a small mass due to the explicit breaking of that
chiral symmetry coming from the small masses of the
up and down quarks and thus becoming what are called
pseudo NG bosons. We expect a similar phenomenon
to occur for DQCD. 〈χ¯χ〉 6= 0 would yield massless NG
bosons. It will be seen below that one has to break ex-
plicitly the DM chiral symmetry by a tiny amount in
order to endow these NG bosons with a tiny mass. To be
specific, the explicit breaking of the χ-chiral symmetry
can be parametrized by a term m0χ¯χ with m0 ≪ Λ4.
m0 will be the free parameter of the model which will be
determined by the fit to the small scale, Milky Way and
possibly cluster scale anomalies as discussed below. For
definiteness, we shall denote these pseudo-NG bosons as
piDM . The arguments go as follows.
Below Λ4, one can write down an effective theory of
CHIMPs interacting with the pseudo-NG bosons, very
much in the same vein as nucleon-pion interactions with
the difference being that in our case the CHIMPs are
bosons instead of being fermions. In some sense, the dy-
namics of DQCD would presumably be simpler than that
of QCD since CHIMPs carry no spin. One can write
down a non-relativistic potential between two CHIMPs
exchanging a piDM as
V = −αDM
r
exp(−mpiDM r) . (21)
Such a potential has been investigated phenomenologi-
cally by [15] although the Lagrangian is for a Yukawa
interaction between a fermionic DM and a scalar. Non-
relativistically it is the same. Here, we provide an explicit
model for the spin-0 field, namely the pseudo-NG bosons-
the dark pions- of DQCD.
As an example (although a more detailed investiga-
tion is surely needed), one can use Fig. 6 of [15] to
get a very rough estimate of the parameter range al-
lowed to solve the small scale structure anomalies. First,
7a word of caution is in order here. Our CHIMP-dark
pion interactions are presumably strong judging from
what we know about pion-nucleon interactions although
QCD can be very different from DQCD. Results shown
in Fig. 6 of [15] are for perturbative values of αDM up
to αDM = 0.1. For the sake of argument, let us take
αDM = 0.1 to make our estimate. Taking into account
only small scale structure anomalies, one can extrapolate
to see that masses of CHIMPs ranging up to 100 TeV or
so and mpiDM < 1MeV . If one would like to accommo-
date also Milky Way and cluster bounds, the CHIMP
mass is seen to be lower, in the range of a few hundreds
of GeV to a few TeVs, with mpiDM > 1MeV . Notice
again that the dark pion mass mpiDM is related m0 which
appears in the explicit breaking term of the χ-chiral sym-
metry m0χ¯χ with m0 being a free parameter.
It goes without saying that much remains to be done
to tackle these issues in the framework of strong cou-
pling regime as in our model. But it is encouraging that
light pseudo scalars appear naturally due to the chiral
symmetry of the model and this lightness appear to be
what might be needed to solve the small scale structure
anomalies and perhaps larger scales as well.
GRAND UNIFICATION RECONSIDERED
Since 1974, a great deal of research has proceeded
based on the idea that the SM gauge group is contained
is a larger grand unified GUT group GGUT . The
simplest GUT model is based [16] on GGUT ≡ SU(5)
which, in its minimal form, makes a sharp prediction
for the proton decay lifetime based[17] on a GUT scale
MGUT & 10
14 GeV. Experimental searches excluded this
prediction already in 1984 but many alternative GUT
theories are viable which survive this test. Accurate
unification of the SM couplings at MGUT ∼ 2 × 1016
GeV has frequently been cited [18, 19] as evidence for
supersymmetry, and GUT theories are an intermediate
goal in much of string theory phenomenology.
By contrast, in the present luminogenesis model there is
no luminous matter with mass aboveM15 ∼ 109 GeV, so
that extrapolation of the SM gauge couplings to orders
of magnitude above the T15 scale, while including only
luminous matter states in the calculation of the renor-
malization group flow, is rendered physically inappro-
priate. This provides a plausible rationale for the non-
confirmation of the proton lifetime predicted on the basis
of such an extrapolation in e.g. SU(5). In the present
model based on the gauge group of Eq. (1), proton decay
is absent.
DIRECT DETECTION
The direct detection of dark matter in our model can
come about by the exchange of the dark photon, γDM .
Dark matter can interact with luminous matter in the
direct detection search through the exchange in the t-
channel of the massive dark photon, namely through the
use of Eq. (18). An estimate of the massMγDM assuming
g = O(1) using the bound by XENON100 [20] for the
cross section for a dark matter mass of e.g. 1 TeV, namely
σ < 10−44cm2 gives MγDM > O(2TeV ). Nevertheless,
we can eagerly await results from the upgraded version of
XENON100 to XENON1T being planned [21] for direct
detection of dark matter particles.
DISCUSSION
Our principal underlying assumption is that in the
very early universe the inflaton decays into only dark
matter and that at a later, though still early, cosmologi-
cal era, luminogenesis converted some 14 % of this dark
matter into luminous matter. Our specific model gives
rise naturally to strongly-interacting dark matter which
can overcome some important short-range problems con-
fronting cold dark matter. Luminogenesis occurs via an
extremely weak interaction characterized by a mass scale
∼ 107 − 109 GeV. The possible irrelevance of grand uni-
fied GUT models which include only luminous matter
is clarified in this broader perspective. Finally, higher
sensitivity direct detection of dark matter will be of cru-
cial importance in sharpening our understanding of the
luminogenesis stage in the early universe.
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